DEAD-box helicases are conserved enzymes involved in nearly all aspects of RNA metabolism, but their mechanisms of action remain unclear. Here, we investigated the mechanism of the DEAD-box protein Mss116 on its natural substrate, the group II intron ai5c. Group II introns are structurally complex catalytic RNAs considered evolutionarily related to the eukaryotic spliceosome, and an interesting paradigm for large RNA folding. We used single-molecule fluorescence to monitor the effect of Mss116 on folding dynamics of a minimal active construct, ai5c2D135. The data show that Mss116 stimulates dynamic sampling between states along the folding pathway, an effect previously observed only with high Mg 21 concentrations. Furthermore, the data indicate that Mss116 promotes folding through discrete ATP-independent and ATP-dependent steps. We propose that Mss116 stimulates group II intron folding through a multi-step process that involves electrostatic stabilization of early intermediates and ATP hydrolysis during the final stages of native state assembly.
DEAD-box proteins are enzymes that have essential roles in cellular processes involving RNA 1 . Although these have been studied in vitro and in vivo, there are few examples of DEAD-box proteins whose mechanisms have been dissected using a natural substrate in vitro 2 . Mss116 is a DEAD-box protein that facilitates splicing of all Saccharomyces cerevisiae mitochondrial group I and II introns in vivo 3 . Mss116 exhibits RNA binding, unwinding, annealing and ATPase activities and has been shown to facilitate group II intron splicing in vitro under near-physiological conditions [4] [5] [6] .
Group II introns are large ribozymes that catalyse self-splicing 7 and are thought to be evolutionarily related to nuclear splicing. They also function as mobile genetic elements, which may have had an important role during evolution and genome diversification 8 . Group II introns require high ionic strength and elevated temperatures to function in vitro 7 , but splicing in vivo is facilitated by protein cofactors. Despite diversity in primary sequence, group II introns have highly conserved secondary and tertiary structures 9, 10 . The secondary structure consists of six domains (D1-D6) radiating from a central core. D1, an assembly scaffold for the other domains 11, 12 , and D5, the catalytic core, are the only absolutely essential domains for minimal catalytic activity in group II introns 13, 14 . One of the best characterized active forms of the S. cerevisiae ai5c group II intron is D135, which contains D1, D3, a catalytic effector, and D5 (Fig. 1a) [15] [16] [17] [18] . Folding studies have shown that D135 folds slowly but directly to the native state [15] [16] [17] [18] , making it an interesting model system.
Mss116 has been proposed to promote group II intron splicing by stabilizing on-pathway intermediates and/or by disrupting offpathway misfolded structures 4, 5 . However, the mechanism by which Mss116 mediates group II intron splicing remains highly debated [4] [5] [6] . Previous studies on other systems have shown that both mechanisms are possible. For example, the LtrA protein encoded by a group IIA intron promotes self-splicing by binding the intron RNA 19 . RNA chaperones, such as StpA, bind non-specifically and unfold RNA to allow refolding into the active conformation 20, 21 .
Previous work has used group II intron catalytic activity to report on Mss116 function. However, to understand further how DEAD-box proteins facilitate RNA folding, it is necessary to observe RNA folding directly 22 . Therefore, we have characterized the effect of Mss116 on the folding dynamics of a fluorophore-labelled D135 ribozyme (D135-L14) using single-molecule fluorescence resonance energy transfer (smFRET, Fig. 1b) 17, 18 .
Folding requires high salt
Consistent with previous studies 17, 18 , at high ionic strength (Methods Summary), the intron shows repeated stochastic transitions between three distinct conformational states ( Fig. 2a ) 17 : an extended intermediate (I, FRET ,0.1), a folded intermediate (F, FRET ,0.4) and the native state (N, FRET ,0.6). Among all transitions, fewer than 2% of molecules show direct transitions between I and N, indicating that F is an obligatory folding intermediate. In single-molecule experiments the unfolded state (U) is indistinguishable from donor-only species 17, 18 . These experiments are complementary to gel-shift assays in which U to I transitions are readily observable, but I, F and N comigrate as a single 'compact' species, and N can only be differentiated by the presence of catalytic activity [22] [23] [24] . Under near-physiological conditions (Methods Summary), D135-L14 has only one FRET distribution ( Fig. 2b , FRET ,0.1), indicating that the vast majority of molecules reside in the extended intermediate state, consistent with gel-shift experiments 17, 24 . Most molecules in low ionic strength ($95%) seem static and cannot even make transient excursions to N.
Mss116 mediates folding
We sought to characterize the effect of active Mss116 ( Supplementary  Fig. 1 ) on the folding of D135-L14 under near-physiological conditions. Since Mss116 is ATP-dependent, initial experiments included ATP. The observed smFRET trajectories and distributions of D135-L14 in the presence of Mss116 exhibit transitions between all conformational states (I, F and N, Fig. 3a -c), in contrast to the smFRET distribution in the absence of protein (Fig. 2b ). The appearance of F and N with Mss116 indicates that it facilitates RNA folding. Approximately 30% of molecules reach N transiently or stably, including a minor population of molecules (,9%) that remains static in N ( Supplementary Fig. 2 ). As a control, we monitored the FRET ratio of a single D135-L14 ribozyme before and after addition of Mss116 and ATP ( Fig. 3d ). Initially, D135-L14 appears static in I (FRET ,0.1). After the addition, transitions from I into the higher FRET conformations were observed, providing direct evidence of Mss116-mediated RNA folding ( Fig. 3d ).
Lowering the Mg 21 concentration to 1 mM yielded similar results ( Supplementary Fig. 3) , showing that Mss116 can also help D135-L14 form F and N under physiological conditions. However, we also observed a higher number of molecules in the 0 FRET state, suggesting that the number of molecules in the unfolded state is higher at 1 mM Mg 21 . Interestingly, at both 8 and 1 mM Mg 21 , we find that the average FRET ratio of I increases to ,0.18 in the presence of Mss116, indicating a slight protein-induced compaction of this conformer.
In high ionic strength, exon-based substrates (17/7 or 17/7-dC) stabilize the native state 17 . Here we show that during protein-facilitated folding, the substrate 17/7 stabilizes N, increasing its population by ,30% (Supplementary Fig. 4 and Supplementary Table 1 ). Similar behaviour was also observed with a slow-cleaving substrate (17/7-dC). However, the substrate alone does not promote folding into the native state under near-physiological conditions ( Supplementary Fig. 5 ).
To evaluate the specificity of Mss116-induced folding, we examined the folding dynamics of D135-L14 in the presence of three different basic RNA-binding proteins: the HIV nucleocapsid (NC) 25 , polypyrimidine tract binding (PTB) 26 and Hfq proteins 27 . The corresponding smFRET histograms show all three proteins can populate the folded intermediate to a lesser extent than Mss116, and none promotes folding into the native state ( Fig. 3e ). Among the molecules observed in the presence of each non-specific protein, more than 90% seem static in either I or F ( Supplementary Fig. 6 ). Unlike Mss116, none of these proteins affects the average FRET ratio of I, indicating that Mss116 may recognize this conformation more specifically. These data show that the formation of the folded intermediate can be facilitated by a diverse set of basic RNA binding proteins. However, the native state is formed only in the presence of Mss116 and ATP. Thus, Mss116 has a specific role during the final, rapid stages of ai5c folding.
ATP is required for efficient folding
To investigate the role of ATP in Mss116-mediated folding of D135, we monitored the folding dynamics without ATP and with the nonhydrolysable ATP analogue, adenylyl-imidodiphosphate (AMPPNP, Fig. 4 ). The smFRET trajectories show transitions between all three 
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conformations of the D135 ribozyme, as observed in the presence of ATP (compare Fig. 3c with Fig. 4 ). However, the population of N was ,2.5-fold lower, showing that ATP hydrolysis enhances formation of N ( Fig. 4 ). This small population may be due to trace ATP that copurifies with Mss116 or D135-L14. However, control experiments in the presence of glucose and hexokinase, which remove trace ATP, still yield low levels of the native state population ( Supplementary Fig. 7) . These results show that Mss116 facilitates folding into N in an ATPdependent manner, but N can also be populated without ATP, albeit inefficiently. In the absence of Mss116, ATP or AMPPNP alone are not sufficient to form F or N ( Supplementary Fig. 8 ). These data show that ATP binding and hydrolysis by Mss116 are important for the efficient formation of native D135, but hydrolysis is not strictly required.
Dynamics depend on Mss116 and ATP
To define the folding rate constants (k 1 , k 21 , k 2 and k 22 ), we analysed the dynamic FRET trajectories using a hidden Markov model (HMM) 28 . Without Mss116 and under high ionic strength conditions, a large subpopulation (.75%) appears static in either I or F during the twominute timescale of our observation window ( Supplementary Fig. 2 ). Among the subpopulation of dynamic molecules (,24%), the observed folding rate constants between the extended and folded intermediates (k 1 5 0.5 6 0.3 s 21 and k 21 5 0.2 6 0.1 s 21 ) agree closely with previous values 17 .
Under near-physiological conditions without Mss116, the dynamic subpopulation decreases to #5% ( Supplementary Fig. 2a ); therefore, folding rate constants could not be determined. However, upon addition of Mss116 and ATP, the fraction of dynamic molecules increases to ,34%, and transitions to both F and N were observed (Fig. 3a-c) . The resulting folding rate constants (Supplementary Table 2 ) show that k 1 and k 21 are comparable to the high ionic strength conditions, indicating that Mss116 and Mg 21 stabilize these states similarly. However, in the presence of Mss116, k 2 is ,threefold higher and k 22 is ,twofold lower than in 100 mM Mg 21 (ref. 17) , indicating that the protein stabilizes the native state more than Mg 21 ions.
In the presence of Mss116 without ATP or with AMPPNP, ,30% of molecules were dynamic. The resulting folding rate constants k 1 and k 21 are comparable to those with ATP present. However, k 22 is three-to sixfold higher than in the presence of ATP (Supplementary Table 2 ). This suggests that ATP hydrolysis, and not just binding, contributes to efficient formation of the native state. In the presence of Mss116 without ATP or with AMPPNP, the majority of molecules that dwell in F show transitions to I (,75%) rather than N (,25%, Supplementary Table 3 ). However, with both Mss116 and ATP, the percentage of F to I transitions decreases (58%) while the percentage of F to N transitions increases (42%) ( Supplementary Table 3 ). Therefore, ATP hydrolysis also increases the probability that F molecules sample N instead of I.
Detailed analysis of static molecules in each state provides additional evidence for ATP-dependent Mss116 activity ( Supplementary  Fig. 2b-e ). In the presence of Mss116 without ATP, the fraction of static molecules in I decreases from 95% to 53%, and they begin to appear in both F and N (15% and 4%, respectively). In the presence of both Mss116 and ATP, the fraction of static molecules in N increases significantly (2.5-fold, P 5 0.02), whereas that in F does not change significantly (P 5 0.16). These data support an important role for ATP hydrolysis for efficient Mss116-induced folding of the intron ai5c, as proposed 4, 5 .
Discussion
Based on previous biochemical and folding studies [4] [5] [6] 16, 24 , it has been proposed that Mss116 can promote group II intron splicing by stabilizing on-pathway intermediates and/or by disrupting off-pathway misfolded structures. Previous work has shown that ai5c folds through a slow but smooth pathway devoid of kinetic traps 16, 24 , and an Mss116 mutant with a significant helicase defect still retains the ability to promote splicing 4, 29 . Other work supports a mechanism where Mss116 unwinds kinetic traps to promote splicing, even at low levels of helicase activity 6 . Both models are primarily based on indirect studies of ai5c splicing, thus, any putative role for Mss116 in RNA folding is purely hypothetical. To examine specifically the effect of Mss116 on ai5c folding, we have used a wellcharacterized smFRET assay that enables us to directly monitor the role of Mss116 and ATP on the intron folding.
Previous experiments showed that under near-physiological conditions, group II introns alone do not stably form the native state 24 . Our data show that D135 cannot even transiently sample the native state. The large subpopulation of static molecules in I (,95%) indicates a high activation barrier between I and F (Fig. 5) . The appearance of all three states in the presence of Mss116 shows that Mss116 can promote RNA folding by lowering the activation barriers between folded states, consistent with recent data 22 .
We observe two distinct effects on folding (Fig. 5 ). First, F state folding is promoted by Mss116 and other RNA-binding proteins even without ATP (Figs 3 and 4 ). The fact that diverse, basic RNA-binding proteins promote this stage of folding suggests that formation of F is contingent on electrostatic stabilization or annealing. The lack of ATP dependence also shows that mechanical events such as translocation or duplex unwinding are not involved in the obligate early steps of ai5c folding. Although diverse proteins stimulate the IRF transition, only Mss116 increases the FRET ratio of I (,0.12 to ,0.18), indicating a specific interaction with the extended intermediate. This suggests a slightly more collapsed I state in the presence of Mss116, and that this protein is ideally suited to folding of ai5c. Second, Mss116 promotes folding to the native state through a mechanism involving ATP hydrolysis. Without ATP or with AMPPNP, only a small fraction of molecules reach N, indicating that ATP hydrolysis contributes to the function of Mss116 specifically during native state formation.
Several possible models explain the function of Mss116 during native state formation. In a stabilization model, Mss116 may bind and stabilize the k2f region, a substructure of domain 1 that must form before the intron can fold productively 23 . This same substructure contains a binding site for the catalytic domain 5, which docks late in the assembly pathway 24 . If Mss116 stimulates folding by stabilizing the k2f element, it must dissociate before D5 can stably dock within the core. Thus, ATP hydrolysis may stimulate a conformational change in Mss116 allowing protein release during the final, rapid stage 
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of folding, consistent with previous data linking ATP hydrolysis to Mss116 turnover and dissociation 29, 30 . The small fraction of the native population in the absence of ATP is consistent with this model, as Mss116 likely has a finite off-rate. In vivo, efficient recycling of Mss116 may be necessary to maintain a pool of active Mss116 enzymes and may allow the cell to overcome non-functional binding events while preventing inhibition of properly folded RNAs 29 . However, other models, such as unwinding during the final transition from the folded intermediate to the native state, also remain possible. According to this model, the protein would first facilitate the slow, early stages of folding (including D1 collapse) through electrostatic interactions, but formation of the final native state may be impeded by one or more small misfolded structures. To form the correct folded structure, the protein would resolve the misfolded structures through strand exchange or unwinding by local strand separation. This ATPdependent remodelling event would provide an opportunity for the native contacts to form. Although we do not have direct evidence for the presence of misfolded structures, we have shown previously that I, F and N are likely to be heterogeneous 17 . Thus, it is possible that misfolded intermediates with FRET ratios similar to on-pathway intermediates are present but not readily distinguishable. However, recent in vivo experiments show that the ability of Mss116 to hydrolyze ATP correlates with function even with different degrees of helicase activity, in agreement with a recycling function for ATPase activity 29 . Helicase activity may have additional roles in the presence of long exons 31 .
In summary, we observe multiple roles for Mss116 in the folding pathway of ai5c and propose that Mss116 mediates group II intron folding by stabilizing on-pathway intermediates and transition states. We also observe that efficient transition from the folded intermediate to the native state requires ATP hydrolysis, possibly for Mss116 release and recycling. The substrate further stabilizes the native state, raising the interesting possibility that in vivo and in the presence of all the group II intron domains and Mss116, the native state becomes the most stable conformation.
METHODS SUMMARY
The dynamics of D135-L14 were measured by smFRET, as described 17, 18, 32 . The ribozyme was immobilized on poly(ethylene glycol)-coated (PEG) quartz slides through a biotin-streptavidin linkage to reduce non-specific Mss116 binding 33, 34 . The PEG coating did not affect the RNA dynamics ( Fig. 2a) 17 . Under 532 nm laser excitation, the fluorescence of individual complexes was monitored using a CCD camera. Single-molecule experiments were performed at pH 7.5, 22 uC, in the presence of 25 nM Mss116 with or without 1 mM ATP, 1 mM AMPPNP and 25 nM substrate (17/7 or 17/7-dC) under high ionic strength (8 mM MgCl 2 , 500 mM KCl and 80 mM MOPS), near-physiological (8 mM MgCl 2 , 100 mM KCl and 40 mM MOPS) or physiological (1 mM MgCl 2 , 100 mM KCl and 40 mM MOPS) conditions. FRET histograms showing the distribution of different structural conformations were constructed by combining the data of approximately 100 molecules. The relative stability of each conformation (I, F and N states) was quantified by obtaining the folding rate constants (k 1 , k 21 , k 2 and k 22 ) from the transition density plots ( Supplementary Fig. 9 ) constructed after analysing FRET trajectories with a hidden Markov model 28 . RESEARCH ARTICLE
